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The viscous and rate dependent behavior of binary, pseudoelastic NiTi is investigated. The main focus is on the decou-
pling of thermal and viscous eﬀects on the transformation stress level as the specimen material is subject to heating and
cooling due to latent heat generation and absorption during phase transition. On this account, an active temperature con-
trol is proposed to account for swift temperature variations. In addition to uniaxial testing of the shape memory sample,
two-dimensional tension/torsion experiments are conducted in order to generalize the uniaxial ﬁndings. Therefore, a
two-dimensional strain measuring device is realized, which is capable of measuring large angle strains. Furthermore,
the relaxation behavior of the examined NiTi alloy is explored as well.
 2007 Elsevier Ltd. All rights reserved.
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Throughout the last years, more and more experimental data on shape memory alloys and especially NiTi
have been accumulated. In this context, dog bone shaped tubular specimens are frequently used when complex
tension/torsion tests are considered. Extensive studies have been performed by Helm (2001), Helm and Haupt
(2002), and Helm and Haupt (2003) in connection to material modeling. Referring to medical applications and
the behavior of nano-grained stents in particular, Sun et al. have advanced the investigation of nano-grained
microtubes (see, e.g., Li and Sun, 2002; Sun and Li, 2002; Ng and Sun, 2006; Feng and Sun, 2006). Here, one
focus is on the formation and development of macroscopic domains during the transformation process,
frequently referred to as Lu¨ders bands. Imbeni et al. (2003) and McNaney et al. (2003) concentrate on the path0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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and strain is not suﬃciently elaborate to capture the complicated interaction of the microstructure.
Furthermore, the thermomechanical coupling of the material behavior is also intriguing. Detailed examin-
ations have been performed with reference to the connection between specimen temperature and transforma-
tion stress, which can be deﬁned as the critical stress that is needed for the triggering of a stress-induced
transformation of the microstructure. The description of these phenomena using the Clausius–Clapeyron rela-
tion is meanwhile well accepted (see, e.g., Ortı´n and Planes, 1989).
Moreover, as a large amount of mechanical experiments is performed under strain control, multiple works
have been dedicated to the characterization and determination of the strain rate eﬀect on the stress–strain
behavior. Mukherjee et al. (1985) have been among the ﬁrst to report a direct connection between higher strain
rates and higher transformation stress levels. Similar ﬁndings have been made by Shaw and Kyriakides (1995),
Leo et al. (1993), and McCormick et al. (1992). Herein, it is shown that a rise of the specimen temperature is
observed during the loading process, which depends on the magnitude of the strain rate. Furthermore, Shaw
and Kyriakides (1995), McCormick et al. (1992) present experimental data for diﬀerent ambient media, thus,
resulting in diﬀerent heat transfer conditions, i.e., diﬀerent specimen temperatures and diﬀerent stress–strain
curves due to the temperature dependence of the transformation stress (cf. Ortı´n and Planes, 1989). Quite
recently Nemat-Nasser et al. (2005) examined the rate dependence of NiTi shape-memory alloy at low and high
strain rates and at room temperature. Although the main focus in this work is on high strain rates up to 103 s1,
they also observed a moderate rate sensitivity of their material in the range of small rates from 104 s1 to 1 s1.
It is well accepted today that the transformation process results in the production of latent heat leading to
an exchange of heat between the specimen and the environment. Hence, the specimen temperature is changed.
Consequently, diﬀerent specimen geometries and diﬀerent surrounding media may lead to diﬀerent experimen-
tal results. Finally, the outcome of the experiments strongly depends on the particular setup, which renders
experimental data from distinct experimental setups incomparable. This is why it is highly important to realize
an experimental setup, which is independent of the speciﬁc geometry and the external conditions, thus, allow-
ing for a decoupled examination of strain rate and temperature eﬀects on the material behavior. Moreover,
due to the heterogeneity of the phase transformation process resulting in a heterogeneous release of latent heat
(Shaw and Kyriakides, 1995; Li and Sun, 2002; Sun and Li, 2002) and heat conduction phenomena within the
specimen material as described by the heat diﬀusion equation, the transformation process shows an intrinsi-
cally pseudo-viscous behavior.
Referring to the modeling part of material characterization, Leo et al. (1993) and McCormick et al. (1993)
use a one-dimensional material model, which incorporates heat transfer due to conduction, convection, and
radiation, yielding a satisfactory agreement between modeled and material behavior observed on wire. Lexcel-
lent and Rejzner (2000) arrive for a three-dimensional model and two-dimensional experiments conducted by
Lim and McDowell (1999) at a similar result.
Although these modeling eﬀorts give a ﬁrst lead concerning the rate dependence of the mechanical material
behavior, together with the awareness that part of the increase of the transformation stress can be attributed to
the increase of the specimen’s temperature, the reverse, implying that the material behavior is independent of
strain rate, is far from being a stringent conclusion. Moreover, it is questionable to what extent it is possible to
render a material model the ‘‘true’’ model by the fact that a certain eﬀect can be ﬁtted well.
On this account, temperature controlled experiments are imperative. Some ﬁrst experiments of that kind were
conducted by the research group around Tobushi and Lin (Lin et al., 1996b,a; Tobushi et al., 1998; Tobushi
et al., 1999) on 0.1 mm wire. Consequently, only uniaxial tension tests were possible and the actual strain state
is deduced just from themovement of the clamping. The specimen temperature is measured using one single ther-
mocouple, which is pressed on the central part of the specimen. Based on the results of these tests, it is reported
that the material behavior is independent of strain rate. By contrast, Helm arrives in his recent paper (Helm,
2007) at an approach utilizing a Perzyna-type inelastic multiplier, thus, realizing a rate-dependent theory.
In order to generalize these ﬁndings and to determine whether this holds true even for bulk material, iso-
thermal multidimensional experiments are to be carried out on three-dimensional specimens. Some prelimin-
ary results were published in Grabe and Bruhns (2006, in press).
Throwing a glance at a diﬀerent ﬁeld of viscous material behavior, some non-isothermal relaxation exper-
iments have been recently presented by Helm (2001). Similar to the experimental data published by Lim and
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a stress drop. Nevertheless, Helm goes even further by claiming that the material unambiguously exhibits a
viscous behavior. He also states that for higher strain rates1 this eﬀect might be even more distinctive. How-
ever, the obligatory proof is missing, since the respective experiments were not conducted. The reason may lay
in the fact that the superimposed temperature eﬀect gets predominant for higher strain rates, and a tempera-
ture control scheme was not implemented in Helm’s experimental setup to cope with that. By contrast, it is
argued by Tobushi et al. (2003) and Matsui et al. (2004) that the pseudoviscoelastic material behavior, which
is observed during relaxation tests, might be completely assigned to the temperature variation as described by
the Clausius–Clapeyron equation, due to latent heat eﬀects during transformation processes. In order to give
proof to the former or the latter assumption, isothermal relaxation experiments are presented in addition to
the already mentioned isothermal and non-isothermal mechanical tests at diﬀerent strain rates.
The paper is organized in the following manner. Section 2 addresses the experimental setup and the mate-
rial’s characterization. Special importance is attached to the concepts of heating and cooling of the specimen,
which furnish, together with the temperature measurement, the integrated system of temperature control. Fur-
thermore, a new biaxial strain measuring device is developed, which is compatible with the overall temperature
setup. Thereafter, in Section 3 the diﬀerent one- and two-dimensional experiments are reported and discussed.
The ﬁndings of the paper are summarized in a short conclusion in Section 4.
2. Material and experimental procedures
2.1. Material characterization and specimen preparation
The shape memory alloy, which is used in all experiments within this work is a special NiTi alloy,2 exhib-
iting pseudoelastic behavior at room temperature. The nominal composition is 50.7 at% NiTi. Typical values
of the peak temperatures Ap,
3 Mp
4 are 20 C, 60 C, respectively.
In the as-received state, the alloy thermally features a single step forward and reverse transformation
according to DSC measurements. In spite of the existence of two distinct transformation peaks and a testing
temperature above the endothermic peak, the material shows hardly any mechanically pseudoelastic behavior
in the as-received state. In order to ‘‘improve’’ the mechanical behavior, two special thermomechanical treat-
ments are utilized. First, the specimen is solution annealed at 850 C for 1 h. This is followed by a precipitation
hardening step (1 h at 350 C). Almost all experiments are conducted on material, which has experienced this
kind of heat treatment. For the also described ﬁrst group of non-isothermal and isothermal simple torsion
tests, a shortened precipitation hardening step (0.5 h at 350 C) is performed. The specimen is quenched in
water after each heating step in order to realize a well-deﬁned crystallographic microstructure.
The specimens are cut from tubular stock of one single charge of material as to minimize any potential var-
iation in the material properties. A special geometry is chosen for the specimens as shown in Fig. 1. An hour-
glass shape is selected so that a stress concentration and thus, the beginning of phase transition, is localized in
the gage section of the specimen. The length of the gage section is a consequence of a compromise between the
objective that no buckling and kinking may occur during compression and torsion tests and that the temper-
ature proﬁle may be as uniform as possible without large boundary eﬀects. Incorporating a radius-to-wall-
thickness ratio of 5:1 resulting from an outer, inner diameter of 9.6 mm, 7.92 mm, respectively, the specimen
can be considered as thin-walled (refer to Lim and McDowell, 1999; Li and Sun, 2002).
2.2. Heating and cooling of the specimen
Heating is realized using the ohmic loss. This method of heating is called Joule heating. The basic eﬀect is as
follows. As current ﬂows through an electrical conductor, a part of the electrical energy is converted into ther-1 A strain rate of _e ¼ 104 s1 is applied by Helm.
2 Co. Euroﬂex GmbH, Nitinol SE 508 tubing.
3 Austenite peak temperature.
4 Martensite peak temperature.
Fig. 1. Specimen geometry. (a) Photograph of the specimen. (b) Engineering drawing of the specimen geometry.
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resistivity5 Co_Eg ¼ R  I2 ¼ U  I : ð1ÞThus, knowing the eﬀective resistivity of the conductor, the heating power can be directly controlled by chang-
ing the driven current. In this manner, the heat is generated throughout the whole cross-sectional area. In
doing so, the heating of the ambient medium is just a by-product and not the means for heat transfer. In con-
trast to most other heating mechanisms, which are using just a small part of the specimen for heat transfer, the
Joule heating produces heat homogeneously throughout the specimen material.
An adjustable DC power supply is connected to the specimen. Thus, the sample can be electrically ener-
gized. A digital controller supervises and monitors the actual current and voltage of the power supply. This
allows for a constantly good controllability of the specimen’s temperature accounting for any variations in
the electrical resistance of the specimen due to temperature changes during experiments. Hence, not only
the current is controlled but also the heating power, which is the governing variable for temperature manip-
ulations. A DC power supply is chosen instead of an AC power supply because of high-frequency electro-mag-
netic ﬁelds leading to corrupted measurements due to the alternating direction of the current ﬂow.
Two cascaded precision bench power supplies,5 which belong to the manufacturer’s 3 kW-series, form the
heating power supply. The maximum output voltage and current are 15 V, 200 A, respectively. For the two
possible cascade conﬁgurations, this results in an eﬀective output voltage and current of 30 V and 200 A
for the serial, or 15 V and 400 A for the parallel setup, the latter being used in this work. The maximum heat-
ing power is limited in all experiments to 250 W.
Since cooling of a specimen can only take place at surfaces or through cross-sectional areas, forced convec-
tion is the method of choice for cooling. Here, the volume ﬂow is set via controlling the dynamic pressure of. Delta Elektronika BV, SM 15-200 D, ripple + noise (rms/p  p) < 100/250 mA.
Fig. 2. Inner thermocouple. (a) General view of a showcase specimen whose gage section is opened in order to allow an unobstructed view
of the inner thermocouple. (b) Magniﬁed view of the inner thermocouple.
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exchanger system. Thereupon, the cooling ﬂuid, namely nitrogen, is blown through a nozzle system onto the
gage section of the specimen. Additionally, some part of the cooling ﬂuid is blown through an inward ﬂuid feed
into the interior of the specimen in order to use every free surface of the specimen for heat transfer.
2.3. Measuring of temperature
Seven thermocouples are applied onto the outer and one additional thermocouple onto the inner surface of
the specimen within the gage length. For the inner thermocouple, small-diameter thermo wires6 are used.
Fig. 2 shows a picture of the inner thermocouple.
Thermal contact is most frequently realized by gluing or clamping the sensor onto the specimen. The dis-
advantage of gluing is the comparatively poor thermal contact resulting in slow measurements. Also clamping
is not the appropriate choice for the experiments within this treatise, since an additional clamping device
would be required, which consumes additional space being unavailable concomitantly resulting in an aggra-
vated sluggishness of the measuring.
In order to circumvent those complications, the thermocouples are welded onto the specimens using the
single-pulse welding procedure presented and discussed in detail in Vogelsang (2001).
The main reason for using small cross-sectional area wires is that the wires have to be transferred out of the
inside of the specimen. The only possible way of doing so, is to use the already limited cross-sectional area of
the supply, drain lines of the inward ﬂuid feed, respectively, which explains the need for reducing the blocking
cross-section of the wires. Though it seems appropriate to lead each of the two thermo wires through a dif-
ferent inward feed, in order to block as few as possible of the draining nitrogen, unfortunately, this turns
out to be impracticable. The reason is that the electromagnetic ﬁeld, generated by the heating of the specimen,
induces measuring artifacts when the two thermo wires are led contrariwise through diﬀerent inward feeds.
Drawing attention to the arrangement of the thermocouples, the application pattern is depicted in Fig. 3.
Two multiple channel thermocouple measuring ampliﬁers7 are used for the temperature measurements.
Cold junction compensation and calculation of the temperature values are realized within these digital devices.6 Co. Omega Engineering, Inc., IEC-TFCY-005/IEC-TFAL-005, wire diameter 0.13 mm, class 1 according to German standards (DIN
43722, 1994).
7 Co. Hottinger Baldwin Messtechnik GmbH, 2xML801/AP409, galvanically isolated, being part of the digital ampliﬁer system
MGCplus.
Fig. 3. Arrangement of the thermocouples.
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In addition to the already described fast acting procedures of heating and cooling, a temperature chamber8
is used to realize a stationary baseline temperature.
Naturally, when referring to isothermal conditions, a spatiotemporally constant temperature ﬁeld of the
speciﬁc specimen is considered. Nevertheless, it is well known that this is just a hypothetical and idealized case
as is the case for adiabatic conditions as well. In this regard, it is subjected to the speciﬁc control setup to what
extent this setup is capable of realizing conditions, which are regarded as being suﬃciently isothermal.
For the experiments under consideration, the task is as follows. A global mean value of temperature is cal-
culated from the eight independent temperature readings of the sensors. This elaborately averaged thermody-
namic variable is to be controlled while four parameters, namely heating power, volume ﬂow, temperature of
nitrogen, and setpoint temperature of the temperature chamber can be adjusted accordingly. For the applied
control procedure, the theoretically possible though adverse control scheme with one single control and multi-
ple output variables is avoided, since it tends to exhibit an unstable control behavior. By contrast, it proves
successful to set the nitrogen volume ﬂow, the nitrogen temperature and the chamber temperature to prede-
ﬁned, ﬁxed levels so that only the heating power is subject to adjustment in order to realize the projected tem-
perature control. Here, even a simple PI control algorithm exhibits a very good control behavior.
In order to assess the quality of the temperature control procedure, i.e., the degree of discrepancy between
ideal isothermal conditions and the actually realized so-called macroscopically isothermal9 conditions, the
local temperature heterogeneity may be examined. Consequently, the temperature control scheme does not
eliminate any local microscopical temperature variations. Moreover, the temperature ﬁelds are tuned to a
speciﬁed condition (a ﬁxed constant global temperature and a ﬁxed (small) local temperature heterogeneity).
Identical control parameters are used for all diﬀerent applied strain rates and testing conditions. Conse-
quently, a slight increase of the level of local temperature heterogeneity follows from a compromise, which
is mandatory for the realization of actively temperature-controlled experiments. A conﬂict of goals between
speed of control and homogeneity of the temperature ﬁeld exists. Naturally, a temperature control scheme,
which goes without such side eﬀects would be preferable. Referring to Shaw and Kyriakides (1995), it is evi-
dent that the passive temperature control setup, which is naturally superior to the active control according to
the homogeneity of the temperature ﬁeld, is not suitable beyond a speciﬁc strain rate and is thus inapplicable
for the experiments presented in this treatise.
2.5. Measuring of strain
Engineering strain is used as strain measure in the course of this contribution. As is pointed out in Section
2.6 only engineering stress can be measured and engineering strain is the respective work conjugated measure.8 Co. Fresenberger, TK 18,400,100, temperature range 100 to +400 C, heating/cooling rates for empty chamber: +20 to +400 C in
22 min, +20 to 100 C in 10 min.
9 For simplicity, the term ‘‘macroscopically’’ is omitted in the course of the treatise.
Table 1
Requirements for the strain measuring device; axial and torsional range result from gage length and maximum strain
Temperature range: 100 C < H < þ100 C
Gage length: l0 ¼ 20 mm
Maximum strain: emax ¼ c0max ¼ 10%
Axial range: 2 mm < Dl < þ2 mm
Torsional range: 45 < Du < þ45
Direction: axial/torsional
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11 Coe ¼ Dl
l
ð2Þ
andc ¼ Duðdo þ diÞ
4l
; ð3Þ
where l, do, and di denote, respectively, the initial gage length, outer and inner diameter of the specimen.
Moreover, only a local measuring of displacement and angle ensures a good quality and interpretability of
experimental data. This is in sharp contrast to the measurement of displacement and twist of the crosshead
and rotary disk of the testing machine, respectively, or the movement of the clamping.
Several standard procedures exist for strain/elongation measuring, some of which are, for instance, strain
gauges, extensometers or optical techniques, which are ruled out for miscellaneous reasons, see Section 2.6.
Table 1 gives a short overview of the requirements for the desired strain measurement system.
At ﬁrst sight, strain gauges seem to be the device of choice. Nevertheless, two problems arise when utilizing
them. This is on the one hand the resultant shielding of the specimen. Nitrogen cannot be blown onto the spec-
imen surface but is blown onto the strain gauge, which, thus, thermally insulates the specimen. Furthermore,
strain gauges are, with some exceptions, intentionally localized measuring devices, meaning that, for example,
temperature cannot be measured within the gage length of the gauge.
These limitations do not exist for extensometers. Nevertheless, the necessity of measuring axial and tor-
sional deformation poses signiﬁcant problems to this technique. Even though biaxial tension/torsion extens-
ometers exist, the requirement that the device may cover a torsional range between 45 and +45 cannot be
fulﬁlled by standard biaxial extensometers. Altogether, this leads to the consequence that a custom-made
strain measuring device has to be constructed.
The basis of this new device are two aluminum disks. Fig. 4 presents an engineering drawing thereof. Three
holders are mounted equally distributed10 on each of the disks around the circumference. Two of those are
ﬁxedly attached while the third one is movable in radial direction, supported by linear bearings. This third
holder has a cutting-edge-like shape. Furthermore, in order to implement an eﬀective electrical insulation
between the disks and the energized specimen, PEEK-bushings and -shims are utilized at the contact surfaces
between holders and disks in addition to ceramic carrier elements of the ﬁxed holders.
By virtue of a spring, which implements a radial force onto themovable edgewith respect to the specimen, each
disk is clamped onto the specimen so that the rotation axes of the specimen and the disks coincide. Hence, each
disk is self-supportingly ﬁxed on the specimen. The axial distance between the two disks equals the gage length.
Because of the edge-like shape of the movable holder and corrugated contact surfaces of the two counter-
holders, the disks are prevented from slippage in axial and circumferential direction. Consequently, by mea-
suring the relative movement of the disks, the gage length elongation and twist can be directly deduced. The
measurement of the relative, axial movement of the two discs is performed by means of two inductive trans-
ducers.11 These are located so that the center line of the specimen is intersected by the connecting line of the
two transducers. In so doing, only two sensors are needed to fully measure the axial elongation, simulta-
neously compensating any rotation of the disks perpendicular to the longitudinal axis of the specimen.
Fig. 5(a) shows a photograph of the strain measuring system with the two axial transducers.sulting in a 120 shift.
. Hottinger Baldwin Messtechnik GmbH, W 2 AK, accuracy class 0.4, nominal range ±2 mm.
Fig. 4. Drawing of the aluminum disks.
Fig. 5. Axial strain measurement. (a) General view of the strain measuring device. (b) Magniﬁed view of the lever system which is used to
transfer the axial displacement to the inductive transducer.
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of which is shown in a magniﬁed photograph in Fig. 5(b). This setup allows for any rotational movement of
the disks with respect to its center line. Thus, the axial measuring is decoupled from any circumferential
motion. The arithmetic mean of the two measurements, weighted by the leverage, gives the elongation of
the specimen gage length and thus, the axial strain.
Two additional inductive transducers12 are utilized for quantifying the relative motion of the two disks in
the circumference direction. Steel cords with a diameter of 0.45 mm are attached to each of the disks. A small
guideway groove leads the cords around the disks. Besides, each cord is stressed by a weight of m = 40 g so
that the tension force is always constant. Fig. 6(b) gives an impression of the guideway groove and the cord
attachment. Here, the ﬁxing points are indicated by white circles.
The movement of the steel cords is transferred to the inductive transducers by virtue of two deﬂection roll-
ers. On the left in Fig. 6(a), the transducer system including the rollers can be viewed outside the temperature
chamber. Through a diﬀerential measurement of the two sensors and by knowing the eﬀective radius, the twist
within the gage section can be readily calculated.12 Co. Hottinger Baldwin Messtechnik GmbH, W 50 K, accuracy class 0.4, nominal range ±50 mm.
Fig. 6. Details of the torsional strain measurement. (a) General view of the strain measuring device, outside the temperature chamber on
the left: deﬂection rollers and inductive transducer system for the twist measuring. (b) Magniﬁed view of the disks, the ﬁxing points of the
steel cords (indicated by white circles) and the guideway grooves.
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An electro-mechanically driven Schenck-Trebel RM 50 testing machine is used for the application of
mechanical loads. The actual values of torque and axial force are measured using a biaxial loading cell.13
True (Cauchy) stress cannot be quantiﬁed so that engineering stress is used. This is due to the fact that the
measuring of the lateral deformation and thus the measuring of the cross-sectional area under load is quite
crucial for a tubular specimen because of the mandatory measurement of the deformation at the inner surface.
Furthermore, boundary eﬀects could not be neglected. Thus, the lateral deformation is not necessarily and
most unlikely uniform throughout the gage section. As a consequence, a local high-resolution procedure such
as the laser speckle interferometry or other optical techniques would have to be chosen, lacking in most cases
the ability to generate analog output signals, which could be used as input for the control of the testing
machine. Moreover, the window of the additionally utilized temperature chamber and the exhalation of cold
nitrogen, resulting in local density variations, interfere with optical methods. Hence, direct strain control can-
not be realized for true stress within the shown experimental concept. Consequently, the measuring of stress
reduces to a measuring of axial force F and torque Mt using the aforementioned load cell. Finally, the gov-
erning equations for axial and shearing stress (r,s) read13 Cor ¼ F
A
ð4Þands ¼ 16Mt
pðdo þ diÞ2ðdo  diÞ
; ð5Þwith A, di, and do, respectively, representing the cross-sectional area, inner and outer diameter of the specimen.3. Experimental results and discussion
3.1. Non-isothermal and isothermal test with varying strain rates
Three diﬀerent types of experiments are discussed in the following, two of which are simple uniaxial
tests and the third one is a two-dimensional or combined test. For each experiment type, isothermal and. Lebow Products, Inc., 6467-110, Fmax = 50 kN, nonlinearity <0.01%, Mmax = 300 Nm, nonlinearity <0.05%.
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for each stress–strain or akin diagram, the respective temperature diagram is shown.
At the beginning, the uniaxial tension tests are presented. These experiments can be directly linked to the
aforementioned uniaxial wire experiments of Lin and Tobushi (Lin et al., 1996b; Tobushi et al., 1998) repre-
senting a generalization of their ﬁndings, which, in anticipation of the following section, are rendered valid
even for three-dimensional specimen geometries. Subsequently, some simple torsion tests are depicted while
at the end of this section, two-dimensional box experiments are treated.3.1.1. Simple tension
Three diﬀerent strain rates are applied for the simple tension experiments ranging from _e ¼ 105 s1 via
_e ¼ 104 s1 to _e ¼ 103 s1. Thus, two decades of strain rates are considered. In this regard, mechanical pro-
cesses, which feature the lowest applied strain rate ð_e ¼ 105 s1Þ are commonly regarded as being quasi-sta-
tic. The maximum strain is chosen to be emax = 3.5%, which is well below the end of the pseudoelastic
hysteresis.
The material response under non-isothermal conditions is illustrated by Fig. 7. Here, Fig. 7(a) comprehends
the stress–strain curves for the diﬀerent strain rates while Fig. 7(b) represents the respective temperature–strain
diagram. Here, H is the global mean value of temperature. Furthermore, as a measure of the local heteroge-
neity of the specimen temperature ﬁeld, the temperature diﬀerence between highest and lowest temperature
reading of the utilized thermocouples (DH) is given as a function of time (Fig. 7(b)). Consequently, this curve
immanently features positive values. The ideal control provoking locally isothermal conditions, hence, leading
to a DH-curve, which coincides with the zero line, is infeasible so that, for temperature controlled tests, these
curves can be used for an estimation of the quality of the applied setup. If ideal temperature control was
required, a locally inﬁnitely high resolution heating and cooling procedure would be necessary, which proves
impracticable due to heat ﬂow eﬀects, space limitations, etc. For a more detailed discussion on this topic and
the applied temperature control scheme, the interested reader is referred to Grabe (2007).
It is evident from Fig. 7(a) that the slope of the stress ‘‘plateau’’ steepens for higher strain rates. Simulta-
neously, the reverse transformation stress values are shifted to lower values with respect to the forward trans-
formation stress curve, thus, yielding a larger hysteresis for larger strain rates. This cannot be directly
distinguished from the curve for _e ¼ 103 s1 but it is obvious for the two other stress progressions.
Naturally, a higher rate of latent heat is generated for higher strain rates. Since the amount of heat transfer
per unit time between the specimen and the environment is ﬁnite, the specimen gets signiﬁcantly warmer for
the higher strain rates, leading to a maximum heating of 13 K for the case of _e ¼ 103 s1 and only a slight
increase of approximately 1 K for the lowest strain rate ð_e ¼ 105 s1Þ. Due to the strong heterogeneity of
the transformation process and the limited heat transfer capacity, the local temperature heterogeneity is larg-Fig. 7. Uniaxial tension tests for diﬀerent strain rates, starting at room temperature. (a) Stress–strain diagram. (b) Temperature–strain
diagram.
Fig. 8. Uniaxial isothermal tension tests for diﬀerent strain rates. (a) Stress–strain diagram. (b) Temperature–strain diagram.
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local temperature heterogeneity occurs most pronounced at the end of the reverse transformation.
In Fig. 8, the respective diagrams for the isothermal test conditions are given. Figs. 8(a and b) illustrate the
stress–strain and temperature–strain behavior, respectively. It is obvious from the temperature–strain diagram
that the mean specimen temperature is kept constant at 27.5 C. The jagged run of these curves or their so-
called ‘‘noisy’’ character is due to the speciﬁc tuning of the control parameters and has literally no impact
on the stress response of the material. Nevertheless, if this was the case, the stress response would be as noisy
as the temperature. In this context, it is of further interest to inspect the DH-curves in detail in order to esti-
mate the quality of the temperature control, as stated before. Diﬀerent from the respective curves for the non-
isothermal conditions, the DH-curves in Fig. 8(b) are almost identical for the diﬀerent strain rates, neglecting
the larger local temperature heterogeneity at the end of the reverse transformation for the case of _e ¼ 103 s1.
A qualitatively similar heterogeneity can be observed for the same strain rate under non-isothermal conditions
as well. However, the local heterogeneity for the macroscopically isothermal conditions can be quantiﬁed as
being in the order of 3 K.
This eﬀect results from the speciﬁc tuning of the controller, which is used for all loading rates (see Section
2.4). It should be emphasized, however, that compared with the measured average temperatures of the non-
isothermal experiments these values under active temperature control are – as it should be – almost identical
and kept constant for the diﬀerent strain rates.
Regarding the well-separated linear ‘‘classically elastic’’ region and the adjacent region, which is commonly
associated with phase transformation in addition to the almost zero-slope of this phase transformation pla-
teau, it stands to reason that the achieved macroscopically isothermal conditions are eﬀectively isothermal.
It is evident in Fig. 8(a) that the stress–strain curves are identical for the diﬀerent strain rates. The plateaus
exhibit the same slope and the hystereses coincide. Consequently, under the applied isothermal conditions the
material behavior is independent of strain rate for the given strain rate range. Moreover, it is straightforward
to claim that the achieved, macroscopically isothermal conditions mean eﬀectively and suﬃciently isothermal
conditions for the transformation process. Consistently, the quality of the temperature control is approved.
3.1.2. Simple torsion
For the torsional tests, three diﬀerent strain rates in the non-isothermal case and two strain rates for the
isothermal case are applied. The experiments are again strain controlled. Together with the use of a timed
sequence of strain setpoints, this means that the tests are in fact strain rate controlled. The maximum strain
is c 0 = 3.5% for each experiment, where c0 ¼ c= ﬃﬃﬃ3p and s0 ¼ s ﬃﬃﬃ3p according to the usual von Mises equivalent
quantities (Tokuda et al., 2002; Lim and McDowell, 1999). As indicated above, the heat treatment of the spec-
imens tested in this section is slightly diﬀerent from the heat treatment of the other experiments, i.e., a short-
ened precipitation hardening is performed, see Section 2.1.
Fig. 9. Uniaxial torsion tests for diﬀerent strain rates, starting at room temperature. (a) Stress–strain diagram. (b) Temperature–strain
diagram.
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temperature increase (up to 13 K) and a transformation stress shift. Again, hystereses get larger due to the
strong temperature sensitivity of the material. This can be observed best for the cases featuring the lower strain
rates, since for the highest strain rate the complete hysteresis is steepened so that the respective comparison is
rendered impossible at a ﬁrst glance. Other than in the tensile case, the largest local temperature heterogeneity
occurs at the end of the forward transformation.
The isothermal behavior of simple torsion tests is given in Fig. 10. This time, only two distinct strain rates
are applied. Nevertheless, the chosen strain rates lead to signiﬁcantly diﬀerent stress–strain curves under non-
isothermal conditions. For each experiment, the specimen temperature is held constant at 23 C with the local
temperature heterogeneity being in the range of 5 K. However, even for such large local temperature diﬀer-
ences, the stress–strain curves in Fig. 10(a) coincide. This leads to the notion that, also under these circum-
stances, eﬀectively isothermal conditions are provided, and the mechanical material behavior is independent
of the applied strain rate for the case of torsional loading as well.
The reason for the apparently diﬀerent behavior when comparing the measured heterogeneities of the sim-
ple tension and torsion tests is that the torsional experiments have been conducted on a slightly diﬀerent exper-
imental setup. Here, only four temperature sensors on the outer surface of the specimen have been used for the
computation of the average temperature. Furthermore, the inner surface of the specimen has not been blown
by cooled nitrogen leading to higher temperatures at the inner surface and the temperature at the inner surfaceFig. 10. Uniaxial isothermal torsion tests for diﬀerent strain rates. (a) Stress–strain diagram. (b) Temperature–strain diagram.
Fig. 11. Stress–strain diagrams for isothermal tension and torsion test.
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perature controlled torsion experiments, the stress proceeding is shifted to a higher level according to the Clau-
sius–Clapeyron equation. Therefore, to demonstrate the eﬀectiveness of the modiﬁcation of the experimental
setup additional temperature controlled tension and torsion tests have been performed for the highest strain
rate _e ¼ 103 s1. These results are given in Fig. 11.
It has to be recognized, however, that the above isothermal stress–strain curve deviates signiﬁcantly from
the stress–strain curve of the isothermal simple tension case. Whereas in the former we can observe a deﬁnite
almost constant slope due to the hardening of the material, the latter shows a pronounced plateau in this range
indicating almost no hardening. This eﬀect will be called tension/torsion asymmetry underlining the inappro-
priateness of the usual von Mises equivalence in calculating equivalent stresses and strains and, moreover,
indicating a pronounced anisotropy of the material.
It has been found, further, that this eﬀect is in general not aﬀected by the two slightly diﬀerent heat treat-
ments used during the experiments. A comparison of the isothermal stress–strain curves of the simple tension
and the simple torsion tests is given with Fig. 11. Here, for both tests the same heat treatment was used as for
the simple tension tests. During both experiments the specimen temperature was kept constant at 27.5 C.
One ﬁrst possibility to overcome the problem of inadequateness of the von Mises rule in an appropriate
modeling could be to replace the second invariant of the deviator (J2) by a suitable sum of second and third
invariants, also containing the ﬁrst invariant of the stress tensor (refer, e.g., to Shimizu and Tadaki, 1984; Qid-
wai and Lagoudas, 2000; see, further, Raniecki and Lexcellent, 1989). This, however, would not solve the
problem of anisotropy, which still may exist. With this respect further investigation seems to be needed. In
the course of this investigation it should also be clariﬁed to what extent this anisotropy may be inﬂuenced
by the processing of the thin-walled specimens.
3.1.3. Combined box tests in the ﬁrst axial/torsional strain–strain quadrant
A box-shaped loading path in the ﬁrst axial/torsional strain–strain quadrant is chosen as representative of
two-dimensional experiments. Again, von Mises equivalent quantities are used, although from the comparison
of the simple tension and torsion experiments it can be concluded that due to the strong tension/torsion asym-
metry of the material the theoretical background of the von Mises equivalence (J2-equivalence) has to be
revised thoroughly. The loading path is implemented so that the maximum torsional and axial equivalent
strains are equal, i.e., emax ¼ c0max ¼ 2:0% resulting in a square in the strain–strain space. First, the specimen
is loaded in axial direction until the maximum strain value is reached. Subsequently, the axial strain is held
constant while the specimen is distorted up to the maximum shear strain. The unloading is realized accord-
ingly in the following order, ﬁrst, axial, then torsional unloading. Loading velocities, which span two decades
of strain rate, are applied with _e ¼ 105; . . . ; 103 s1.
C. Grabe, O.T. Bruhns / International Journal of Solids and Structures 45 (2008) 1876–1895 1889Figs. 12–14 present the mechanical and thermal behavior of the specimen material for the box test under
non-isothermal conditions. While Fig. 12(a) illustrates the control path, i.e., the strain–strain progression,
Fig. 12(b) shows the respective stress–stress response. The stress–strain behavior in axial and torsional direc-
tion can be viewed in the subsequent (Fig. 13).Fig. 12. Combined box test for diﬀerent strain rates, starting at room temperature; strain–strain and stress–stress diagram. (a) Strain–
strain diagram. (b) Stress–stress diagram.
Fig. 13. Combined box test for diﬀerent strain rates, starting at room temperature; axial and torsional stress–strain diagram. (a) Axial
stress–strain diagram. (b) Torsional stress–strain diagram.
Fig. 14. Temperature response for the combined box test for diﬀerent strain rates, starting at room temperature. (a) Temperature–strain
diagram. (b) Temperature heterogeneity–strain diagram.
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test, the loading corresponds to the uniaxial case of simple tension exhibiting the behavior discussed in Section
3.1.1. Afterwards, when the specimen is loaded in torsional direction, the axial stress continuously decreases,
which motivates the notion that the forward transformation may be ascribed to an equivalent stress measure,
since one stress component reduces while the other is increased. At the beginning of the axial unloading pro-
cess, a shear stress dip is obvious. Diﬀerent from the ﬁndings in Helm (2001), the renewed increase of the shear
stress does not correspond to a change of the axial stress direction. However, during axial unloading the nor-
mal stress indeed migrates into the compression domain. A continuous increase of the shear stress after the dip
is evident until the shear strain is ﬁnally reduced, resulting in a concurrent decrease of the shear and the com-
pressive stress.
These diagrams show that the conclusions drawn in the case of uniaxial experiments can be analogously
applied to the two-dimensional test. Once more, the higher the strain rates, the larger is the specimen temper-
ature rise (Fig. 14(a)). Consequently, a transformation stress shift takes place so that hystereses get larger for
higher strain rates even though this behavior is not as pronounced as in the uniaxial cases due to the lower
overall strain level. Moreover, the local temperature heterogeneity is larger for the higher strain rates.
The material behavior of the respective isothermal experiments is examined in the following, see Figs. 15–
17. Clearly, the stress response is identical for the diﬀerent strain rates. Analogous to the uniaxial cases, this is
ascribed to the isothermal conditions with the macroscopic mean temperature being constantly kept atFig. 15. Combined isothermal box test for diﬀerent strain rates; strain–strain and stress–stress diagram. (a) Strain–strain diagram. (b)
Stress–stress diagram.
Fig. 16. Combined isothermal box test for diﬀerent strain rates; axial and torsional stress–strain diagram. (a) Axial stress–strain diagram.
(b) Torsional stress–strain diagram.
Fig. 17. Temperature response for the isothermal combined box test for diﬀerent strain rates. (a) Temperature–strain diagram. (b)
Temperature heterogeneity–strain diagram.
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experiments featuring an order of 2 K. Due to the stress response and the constant temperature heterogeneity,
the macroscopically isothermal conditions can be regarded as eﬀectively isothermal.3.2. Relaxation behavior
As announced in Section 1, relaxation experiments are conducted under isothermal conditions in order to
identify the origin of a relaxation-like material behavior observed several times on non-temperature controlled
relaxation tests (see, e.g., Helm, 2001; Lim and McDowell, 1999). In this context, it is important to decouple
the viscous and the temperature-induced material behavior. Simple strain controlled tension tests are per-
formed, which are interrupted by strain-hold periods, i.e., the strain is maintained at a constant value. Each
strain-hold period takes 900 s. The stress–strain behavior for two of those experiments is shown in Fig. 18. The
applied strain rate is 103 s1 and the experiment temperature is 27.5 C. Fig. 19 illustrates the temperature
proceeding for the simple relaxation test with a maximum strain of 3.5% whose stress response is presented
in Fig. 18.
It is obvious (Fig. 19) that the mean temperature is constant during the whole experiment and that the local
temperature diﬀerence is constant, too, apart from the ﬁrst hold period where a very slight increase in the local
temperature heterogeneity can be observed. At a ﬁrst glance, a stress drop is evident in the stress–strain curve
(Fig. 18) for the strain-hold periods, substantiating the notion of a viscous relaxation material response evenFig. 18. Stress–strain diagram for isothermal relaxation tests.
Fig. 19. Temperature and local heterogeneity of temperature as a function of time for the isothermal relaxation test with emax ¼ 3:5%.
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stress drop, a further postprocessing of the acquired data is mandatory. On this account, stress and strain are
plotted as functions of time (Fig. 20).
Here, as already pointed out, the strain curve is the path of the control variable whereas the stress proceed-
ing represents the material response. The diﬀerent strain steps are evident with the strain being kept constant
at multiples of 1.5%. Consequently, the strain is held constant during the forward and reverse transformation
at strains of 1.5% and 3.0% for 900 s each. Since in Fig. 20, the scale of the stress axis is too large for an esti-
mation of the degree of the viscous material behavior, the stress responses for the strain-hold periods are
drawn on a larger scale in Fig. 21.
From upper left to lower right, this ﬁgure shows the consecutive strain-hold periods as ﬂuctuations with
respect to distinct, appropriately chosen stress reference values. Consequently, the upper diagrams represent
strain-hold periods within the forward transformation path while the lower two diagrams show the respective
curves for the reverse phase transformation. That way, the stress curves for the four diﬀerent hold periods can
be directly compared on a large stress scale although the stress level of each curve is inherently diﬀerent. This
results from the fact that strain-hold periods within the forward and reverse phase transformation are realized.Fig. 20. Stress and strain as a function of time for the isothermal relaxation test with emax ¼ 3:5%.
Fig. 21. Magniﬁed view at the stress progressions during hold times of the relaxation test; stresses are given as ﬂuctuations with respect to
a chosen stress reference value, i.e., r ¼ r0 þ Dr; upper left: ﬁrst hold period with r0 ¼ 362 MPa; upper right: second hold period with
r0 ¼ 380 MPa; lower left: third hold period with r0 ¼ 313 MPa; lower right: fourth hold period with r0 ¼ 278 MPa.
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observer’s eye. This phenomenon has to be ascribed to the overshooting of the actual strain value, which
results from the machine control. Since the machine is electromechanically driven, a slight overshooting is
inevitable unless a very sluggish control behavior is approved. Consistently, the overshootings correspond
to the direction of the changing of strain, leading to a positive overshooting for the two strain-hold periods
within the forward and a negative overshooting for the two strain-hold periods within the reverse phase trans-
formation. Besides, this is the reason why the ﬁrst impression is that the material might indeed exhibit some
kind of stress relaxation when Fig. 18 is regarded. Moreover, those very small abrupt stress changes in the
range of 1–2 MPa, which appear during the strain-hold periods, have to be attributed to the control action
as well. That is, since a digital measuring ampliﬁer is used, the measuring/control resolution is not inﬁnite.
Once these control artifacts are disregarded, it is obvious that a distinctive decrease/increase of the stress level
due to a viscous relaxation of the specimen material is lacking for the strain-hold periods within the loading/
unloading path (upper/lower diagrams). Finally, a viscous material behavior, which might be attributed to
stress relaxation cannot be observed under isothermal conditions.
4. Conclusions
Contrary to what has been stated in several articles (see, e.g., Helm and Haupt, 2002; Helm and Haupt,
2003; Nemat-Nasser et al., 2005) for the present NiTi alloy it can be accounted that the material shows no
strain rate dependence within the regime of quasi-static processes at room temperature. Consequently, the
stress–strain proceedings for various strain rates coincide under isothermal testing conditions. This does
not only hold true for uniaxial cases and one-dimensional wire-like specimens but also for complex loading
paths and complex specimen geometries.
Although the stress–strain curves in Figs. 7 and 9 (and similar curves in the above-mentioned references)
may suggest to conjecture a rate dependence of the behavior, it has to be considered that as a consequence
of the non-isothermal conditions the increase in the slopes of the stress–strain curves may also be attributed
to the latent heat of transformation and the heat of deformation (refer to Tobushi et al., 1999; Shaw and
Kyriakides, 1995; Nemat-Nasser et al., 2005). A comparison of isothermal and non-isothermal tests with vary-
ing strain rates (Section 3.1) underlines our observation that this increase is mainly a temperature eﬀect rather
than a strain rate eﬀect.
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ered. The otherwise treated pseudo-viscous relaxation behavior is rather attributed to temperature eﬀects,
which are absent for isothermal tests.
In this connection, the applied temperature control scheme, though only capable of realizing macroscopi-
cally isothermal conditions, can be used for implementing thermal boundary conditions, which prove eﬀec-
tively isothermal for the transformation process. However, it has to be kept in mind that only
macroscopically isothermal testing conditions can be realized.
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